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A cDNA encoding a novel member of the thyroid/steroid hormone receptor superfamily, called Rev-ErbAa,
has been isolated from a rat GH; cell library. Rev-ErbAa is an ~56-kilodalton protein most similar in structure
to the thyroid hormone receptor (c-erbA) and the retinoic acid receptor, but it does not bind either thyroid
hormone or retinoic acid. The mRNA encoding Rev-ErbAa is present in many tissues and is particularly
abundant in skeletal muscle and brown fat. A genomic DNA fragment containing the entire Rev-ErbAa cDNA
sequence was isolated and characterized. Remarkably, this DNA fragment also contained a portion of the
c-erbAa gene. r-erbAa-1 and r-erbAa-2 are alternative splice products of the c-erbAa gene and are members
of the receptor superfamily. The genes encoding Rev-ErbAa and r-erbAa-2 overlap, with their coding strands
oriented opposite one another. A 269-base-pair segment of the bidirectionally transcribed region is exonic in
both the Rev-ErbAa and r-erbAa-2 genes, resulting in complementary mRNAs. Thus, through alternative
splicing and opposite-strand transcription, a single genomic locus codes for three different members of the
thyroid/steroid hormone receptor superfamily. Potential implications of this unusual genomic arrangement are

discussed.

Cellular homologs of the viral oncogene v-erbA (c-erbA)
encode proteins which bind triiodothyronine (T;) and to-
gether with the steroid hormone and retinoic acid receptors
constitute a multigene family of structurally related proteins
(9, 14). Similar molecules with unknown ligand specificity
have also been isolated (13). Each of these proteins pos-
sesses a DNA-binding domain, characterized by a highly
conserved cysteine-rich basic region which is thought to
interact with specific DNA sequences via zinc fingers, and a
ligand-binding domain in its carboxy-terminal region (9, 10).

There are multiple forms of c-erbA which have been
divided into two subtypes, c-erbAa and c-erbAB, on the
basis of sequence similarities and chromosomal locations (4,
20, 23, 25, 31-33, 38, 40, 41). c-erbAa is more closely related
to v-erbA than is c-erbAB. There are at least two c-erbAa
forms, c-erbAa-1(20, 25, 31, 32, 33, 38, 40) and c-erbAa-2 (4,
20, 25, 31, 33). In the rat, the c-erbAa-1 and c-erbAa-2
proteins are identical for the initial 370 amino acids, after
which the sequences diverge (20, 25, 31). The rat c-erbAa-1
(referred to hereafter as r-erbAa-1) extends another 40
amino acids following the point of divergence from rat
c-erbAa-2 (referred to as r-erbAa-2). The carboxy-terminal
(ligand-binding) regions of r-erbAa-1, chick c-erbAa-1, and
c-erbA are highly conserved, and these proteins all bind T,
with high affinity. In contrast, r-erbAa-2 extends 122 amino
acids from the point of divergence, and this sequence has no
similarity to either r-erbAa-1 or c-erbAB. r-erbAa-2 does not
appear to bind thyroid hormone (20, 25, 31), although it
specifically binds to a T, responsive element in the rat
growth hormone gene (25).

Transcription of both strands of the same DNA locus in
eucaryotes has been described. Examples of this phenome-
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non have been reported in a pupal cuticle protein gene in
Drosophila melanogaster (17), the D. melanogaster dopa
decarboxylase gene (39), a mouse locus where the function
of both 3'-overlapping transcripts is unknown (42), and the
rat gonadotropin-releasing hormone gene (1). Transcription
from the opposite strand of the c-myc gene has also been
detected (22, 34).

While investigating the various forms of c-erbA repre-
sented in a rat GH; cell cDNA library, we isolated a cDNA
which contained a sequence of 269 nucleotides identical to a
sequence present in the r-erbAa-2 cDNA we have previously
described (25) but which was otherwise unrelated. Surpris-
ingly, the sequence of this cDNA encodes a 56-kilodalton
protein when translated in the orientation opposite to that
suggested by the region of identity with r-erbAa-2. Analysis
of the deduced amino acid sequence of this protein, which
we call Rev-ErbAa, reveals it to be a novel member of the
thyroid/steroid hormone receptor superfamily. The tissue
distribution of the Rev-ErbAa mRNA is specific and distinct
from those of the r-erbAa-1 and r-erbAa-2 mRNAs. We have
isolated a rat genomic DNA fragment containing sequences
common to r-erbAa-1 and r-erbAa-2, as well as exons
encoding the r-erbAa-1- and r-erbAa-2-specific sequences.
Characterization of this genomic fragment confirms that
r-erbAa-1 and r-erbAa-2 are alternative splice products of a
single rat gene (25, 32). Furthermore, the complementary
strand of this genomic fragment encodes the Rev-ErbAa
mRNA. A portion of the r-erbAa-2-specific exon is bidirec-
tionally transcribed and encodes a region near the carboxy
termini of both the r-erbAa-2 and the Rev-ErbAa proteins.

MATERIALS AND METHODS

Isolation and sequencing of Rev-ErbAa ¢cDNA and genomic
clones. A cDNA library was constructed in Agtl0 from rat
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1476 bp ORF

r-erbA a-2

REV-ERBAa

ACACCTGAAACGGGAATTTCCTAAATCTCCAGGCTGGACAGTTTGTTTCTCCCTCTCACC
TCCTATAACTCATCTGAGT! C‘I'IATCTCCATATCACA‘ITICI’MGTCT CTTGTACTCAGAG
TCATTGTGACTCT TACTCT
ATGAGMTATCTCH’IWWATCACCK 'ACATTGGCTCCAGC
GGATCCTCCCCCAGCCGGAC AGTGACAGCTCCAATGGCAGC
TTCCAGTCCCTGACTCAAGGTTGTCCCACATACTTCCCACCATCACCTACTGGCTCCCTC
ACCCAGGACCCTGCCCGCTCATTTGGCACTGTGCCACCCAGCCTCAGTGATGATAGCTCC
CCTTCTTCTGCTTCATCATCATCATCATCTTCCTCCTCCTCCTTCTATAATGGGAGCCCC

CCCGGAAGTCTACAACTGCCCA
MetGluAspSerSerArgValSerProSerLysClyThr

ACCAACATTACCAAGCTTAACGGCATGGTGCT! 'AAAGTGTGTGGGGACGTGGCC
SerAsnlleThrLysLeuAsnGlyMetValLeuleuCysLysValCysGlyAspValAla

TCAGGCTICCACTA ATCGCC
s.rclyPthilTerlyV.llHul.Cylc!uGlyCycl.ynGlymMr“r‘SGr

ATCCAGCAGAACATCCAGTACAAGCGGTGTTTGAAAAACGAGAACTGCTCCATTGTCCCT
11eG1nGlnAsnIleGlnTyrLysArgCysleuLysAsnCluAsnCysSerIleValArg

ATCAATCGCAA TCGCTTCAAGAAGTGTCTCTCCGTTGGCATQICT
I1leAsnATgAsnATgCysGlnClnCysArgPheLysLysCysLeuSerValClyMegSer

'GTGCGTTTTGGACGTA’ 2GA TGCTGAG
ArgAspAleValArgPheGlyArgIleProlysArgGluLysGlnArgMetLleuAlaGlu

ATGCAGAACGCCATGAACTTGGCCAACAACCAACTGAGCAGCCTGTGCCCTCTAGAGACC
MetGlnAsnAlaMetAsnLeuAlaAsnAsnGlnLeuSerSerLeuCysProleuGluThr

TCACCTGCCCCGCACCCCACCTCAGGCTCCG \CCACC C
SerProAlaProHisProThrSerGlySerValGlyProSerProProProAlaProAla

CCGACACCTTTGGTGGGCTTCTCTCAGTTCCCACAACAGCTGACACCACCCAGATCCCCG
ProThrProlLeuValGlyPheSerGlnPheProGlnGlnLeuThrProProArgSerPro

AGTCCTGAGCCCACGC TGTCATA AATC
SerProGluProThrValGluAspVallleSerGlnValAlaArgAlaHisArgGlulle

TTCACCTATGCCCATGACAAATTAGGCACCTCACCTGGCAACTTCAATGCCAATCATGCA
PheThrTyrAlaHisAspLysLeuGlyThrSerProGlyAsnPheAsnAlaAsnHisAla

TCAGGTAGCCCTCCGGC CT \TCCCCCTCTACC
SerClySerProProAlaThrThrProGlnCysTrpGluSerGlnGlyCysProSerThr

CCCAACGACAACAACCTTT 'AATGAAGCACTGA,
ProAsnAspAsnAsnLeuleuAlaAlaGlnArghisAsnGluAlaLeuAsnGlyLeuArg

CA CTCCTACCCTCCTACCTGGCCTT TGCCAC
GlnGlyProSerSerTyrProProThrTrpProSerClyProAlalisHisSerCysHis

CAGCCTAACAGCA. T/ ACCC
GlnProAsns. 1yH{sArgLeuCy sValTy: 1aProGluGly

AAGGCACCTGCCAACGGTCTACGGCAAGGCAACACCAAGAATGTTCTGCTGGCATGTCCC
LysAlaProAlaAsnGlyLeuArgGlnGlyAsnThrLysAsnValleuleuAlaCysPro

ATGAACATGTATCCCCA
MetAsnMetTyrProHisGlyArgSerGlyArgThrVa lclmlulldrpclmpm

TCTATGAGCTTCACACCCGC TAGAATT

SerMetSerPheThrProAlaValArgGluValValGluPheAlaLysHisIleProGly

TTCCGTGACCTTTCT TGCT T
1sAspGlnValThrLeuLeulysAlaGlyThrPheGluval

CCTCAACCACCACA

'CATTGT

CTGATGGTGCGCTTTGCGTCA'
LauMe tV.lAuPhMllScrhuﬂnMnanLympclnThrV‘Dhtmhusur

CGCACAACCTACACGCC “TCAATGCC
ArgThrThrTyrSerLeuClnGluleuClyAlaMetGlyMetGlyAspLleulsuAsnAla

ATGTTTGACTTCAGCGAGAAGCTCAACTCTC TAC TCGGCCTT
MetPheAspPheSerCluLysLeuAsnSerLeuAlaleuThrGluGluGluleuGlyLeu

TTCACGGCAGTGGTACTTGTCT
PheThrAlaValValleuValSerAlaAspArgSerGlyMetGluAsnSerAlaSerVal

GluGlnleuGlnGluThrleuLeuArgAlaleuArgAlaleuValLeulysAsnArgPro

SerGluThrSerArgPheThrlysleulsulsulysleuProAspleuArgThrlauAsn

AsnMetHisSerGluLysleuleuSerPheArgValAspAlaGlrEnd

TACGAG
ACCAAAAGGAMAGMCCAGMTC‘H’ ATTTATATTGTTATAAAATATTCCAAGATCAG
CCTCTGGCCCCCTGAGCCTTCTTGTAAATAACTCTTCCCCCCCACCCCCATGCTCCCTTC
CTCCCGTATTTAAACCACTCTTGC TCCTC TCGATTTGTTCTCT
TCCTGTCTCAAATCCAA
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FIG. 1. Structure of the Rev-ErbAa ¢cDNA. (A) Comparison of
the Rev-ErbAa and r-erbAa-2 cDNAs. The 269 identical nucleotides
are shaded black. The orientations of the cDNAs are depicted with
the ORFs in opposite orientations. The directions of the ORFs are
shown by the arrows, and the putative initiation and termination
codons for each ORF are indicated. (B) Nucleotide sequence of the
Rev-ErbAa ¢cDNA and deduced amino acid sequence of the Rev-
ErbAa protein. The first in-frame termination codon upstream of the
putative initiator methionine is underlined. The 269 nucleotides
(1826 to 2094) identical to r-erbAa-2 are shown in boldface type. The
upper and lower boxed portions of the sequence correspond to the
putative DNA- and ligand-binding domains analyzed in greater
detail in Fig. 2A and B, respectively.

GH, cell poly(A)* RNA (24) and screened with a *?P-labeled
(11) fragment (base pairs [bp] 871 to 1867) of the r-erbAa-2
cDNA that we have previously described (25). One hybrid-
izing cDNA clone, referred to as Rev-ErbAa, was subcloned
into M13 and Bluescript, and both strands were sequenced
by using the dideoxy chain termination method (37). Three
Rev-ErbAa cDNAs of smaller size were obtained from a rat
brain Agtll cDNA library (Clontech, Palo Alto, Calif.).

A Charon 4A rat genomic library (partial Haelll; kindly
provided by J. Bonner) was screened with the Rev-ErbAa
cDNA. Three hybridizing clones were obtained, the longest
of which also hybridized to an r-erbAa-specific probe (25).
This DNA fragment was subcloned into Bluescript, se-
quenced by using the dideoxy nucleotide chain termination
method (37), and mapped by standard techniques (27).

In vitro transcription and translation. The original GH,
cell-derived Rev-ErbAa ¢cDNA and a truncated Rev-ErbAa
cDNA (digested with BamHI to remove 260 untranslated
nucleotides at the extreme 5’ end) were subcloned into
Bluescript and transcribed into RNA by using T7 RNA
polymerase. The RNA was translated in reticulocyte lysates
in the presence of [**S]methionine as previously described
(25). The truncated cDNA yielded more high-molecular-
weight protein than the original cDNA and was used in the
experiment shown. The labeled products of the in vitro
translation reactions were analyzed by electrophoresis on
sodium dodecyl sulfate-10% polyacrylamide gels alongside
14C-labeled molecular weight markers.

RNA preparation and analysis. Fragments of the cDNAs
were subcloned into Bluescript in both orientations, and
these constructs were used to generate cCRNA probes. The
fragments subcloned were from the r-erbAa-2 cDNA (bp 871
to 1867) (25), including the sequence shared by the Rev-
ErbAa and r-erbAa-2 cDNAs (generating a-2 sense and a-2
antisense cRNA probes, respectively), and from the Rev-
ErbAa cDNA (bp 1 to 1845; Fig. 1B) which includes 20
nucleotides common to r-erbAa-2 but did not hybridize to
r-erbAa-2 mRNA or cDNA in either orientation, presumably
because of stringent hybridization conditions. RNA was
prepared from cells and tissues by the guanidinium thiocya-
nate extraction method (7). GH, cells were cultured and
incubated in the presence or absence of 10 nM T, as
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REV-ERBACQ [C|K V|C|G V A S|G|F|H|Y GV H C|E G|C K|G|F F{R|R|S I Q Q

r-erbAa Cjv v|C]|G KA T|G|Y|H|]Y RC I C|E C|C K|G|F FIR|R|T I Q Q

h-erbaB  |c|v vjc|G|p|k A T|G|T|H|Y R ¢ T Tc|E 6|c k|6|F F|R|R|T I O K

h-RARQ c|r vjclo|pfk s s|c|Y|r|Y ¢ v s ajc|E 6|c k|G| F|R|R|S T Q K

h-RARB c|r vlclo|p|k s s|G|Y|n]Y ¢ v s A]c|E 6|c k|c|F F|rR]R]s 1 Q K

h-VDR c|G v|c|G|p|r A T|G|F|n]F N A M T c|E G|C k|G|F F|R|R|S M k R

h-ER c|a v|c|n|p| ¥ a s|c|¥|u]|Y ¢ v w s|c|e 6|c k|a|r F|x|rR|s 1 0 G

h-GR clr v|c|s|p|E a s|c|c|a]y ¢ v L Tjc|c s|c k|v]|F F|k|r|a v E G

h-MR c|r v|c|g|plE A s|c|c]uly ¢ v v 7]c|c s|c k|v|F Flk|r|a Vv E G

h-PR c|L 1|c|g|p|E A s|c|c|u|y 6 v L 7 cle s|c k|v|F Flk|rR|]a M E G

h-AR clr 1|c|c|plE A s|G|c|a]y 6 A L T|c|G s|c k}v|F F|k|]rR|]a A E G

——
* * * * * * Kk Kk k Kk Kk k * k Kk * * * Kk *

REV-ERBAQ N-IQYKRCLKNENCSIVRINRNRCQQCRFKKqLSVGM

r-erbAa NLHPTYS|CIKYDSC|C|[VIDEKIT|RINQ|IC|O L|C R|F K K|C|I A V|G M

h-erbAf NLHPSYS|CIKYEGEK|CIVIDEKVT|R|N QIC|Q E|JC R|F K K|C|I Y V|G M

h-RARa NMVYT|CIHRD KN|CII I NKV T|R|N R|C|Q Y|C R|L Q K|C|F E V|G M

h-RARB NMIYT|C/IHRDKN|C|VINEKYVT|R|INR|C|]Q Y|C R|L Q K|C|F E V|G M

h-VDR KALFT|CIPF NGD|C|IRITKDN|R|R HIC|Q AJC R|[L K R|C{V D I|G M

h-ER HNDYMCIPATNQOQ|CITIDKNR|R|K S|C|Q A|C R|L R K|C]Y E V|G M

h-GR QHNYLICIAGRND|CII IDKTIR|R|KN|C|P A|C R|]Y R K|C|{L Q A|G M

h-MR QHNYL|CIAGRND|C|TI IDKTIR|R|IKN|C|P A|C R|L Q K|C|L Q AJG M

h-PR QHNYL|CIAGRND|C|I VDKIR|RKN|C|P AJC RIL R K[C|C Q A|G M

h-AR KQKYLCASRNDCTIDKFRRKNCPSCRLRKjYEAGM
B L - - — S—

* X & * L B L B N R * * L N I * & * ® . ®
REV-ERBAG@ V E F A H P FIRD|L|S Q HID Q L K A-87 aa-L|Q|E T L|L|R|A|L-16aa-
r-erbA@  V D F AjK|K L|P|MF|S EJL|P C E|D QI I|LIL K G-22/87-S|Q|E A Y|L|L|A|F-1/16-
L-erbAf VD F A K P FjC E|L|P C DQ I L K G-24/87-Y|Q|D s F|L|LjA|F-0/16-
h-RARQ VEFA Q P F|T T|L{T I DQ L K A-21/87-L|Q|E P L|E L-7/16-
L-RARP VDFA R P F|T G|L|T I AlD Q L K A-21/87-L|Q|E P L|E L-6/16-
H-VDR IGFA M P F|R D|L|T S DQ L K S-26/89-1 DRL SNT L-1/18-
r-ER INWA R P FIVD|L|T L DQ H LEC-6/87-LE|JEfJKDHIHRV
h-MR V KWA v P FIK L|P L DQ IQ Y- 6/87 D|E} I MT K|
h-GR VKWA A P FIR LIH L D Q T} L Q Y- 5/87 E|E|MR|T N K|
K-FR VKWS S P F|R LIH I DQ by IQ Y- 9/87 E|E| Ss R|
* * * * * * * & * & % *

REV-ERBAx L|L|L LP|IDLR LNN L VDA
r-erbAa L|L|M VTIDLRMMIGACHASRFLHMKVECPTELFPPLFLE]|
h-erbAg LIL|IM VTIDLR ..
h-RARQ MILIM ITIDLRISISAKGAERVITLKMEIPGSMPPLIQEM|
h-RARS ILiM ITIDLR|ISTISAKGAERVITLKMEIPGSMPPLIQEM]|
h-VDR M1IQ LAIDLRISLNEEHBHSKQYRCLSFQPGCSMKLTPLVL.
h-ER ITDTLIHLMAKAGLTLOQOQIQJHQRLAQLLLILSHIRHMS.
h-GR KIELGKAIVKREGN SQNWIQIRFYQLTKLLDSMBHEVJVIEN .
L-MR RRKIELRKMVTKCPNN GQSWIQIRFYQLTKLLDSMHDL|VISD .
h-PR KIATGLRQKGVVSS|Sl....... QRFYQLTKLLDNLBHDL|VIKQ .

FIG. 2. Comparison of the deduced Rev-ErbAa amino acid sequence with members of the thyroid/steroid hormone receptor superfamily.
The one-letter amino acid code is used. The regions of the Rev-ErbAa protein correspond to the boxed areas in Fig. 1B. Asterisks indicate
residues identical between Rev-ErbAa and c-erbA, retinoic acid receptor, or vitamin D receptor. Abbreviations: r-erbAa, rat c-erbAa-1 (40);
h-erbAB, human c-erbAB (41); h-RARa, human retinoic acid receptor a (12, 35); h-RARB, human retinoic acid receptor 8 (8); h-ER, human
estrogen receptor (15, 16); h-VDR, human vitamin D receptor (3, 28); h-GR, human glucocorticoid receptor (18); h-MR, human
mineralocorticoid receptor (2); h-PR, human progesterone receptor (30); h-AR, human androgen receptor (6, 26). (A) Comparison of the
putative DN A-binding regions. The Rev-ErbAa sequence begins with amino acid 25 in the deduced amino acid sequence corresponding to
the upper boxed region in Fig. 1B. Upper and lower parts of this figure are continuous. Boxed amino acids indicate residues conserved in all
members of the superfamily. The underlined amino acids F-F-R/K-R present between the two cysteine-rich sequences are discussed in the
text. (B) Comparison of the putative ligand-binding regions. The Rev-ErbAa sequence begins with amino acid 345 in the deduced amino acid
sequence shown in Fig. 1B and corresponds to the lower boxed region in Fig. 1B. Upper and lower parts of this figure are continuous. Boxed
amino acids in the first 24 residues shown indicate amino acids conserved among all members of the family. Eighty-seven- and sixteen-amino-
acid regions of lesser homology between Rev-ErbAa and other members of the family are indicated in the upper half of the figure by the
fraction of amino acids identical without introducing gaps in the sequences (except in the h-VDR and h-PR sequences). Other boxes indicate
conserved residues among some members of the family, highlighting the similarities among Rev-ErbAa, c-erbAa and c-erbAB, and h-RARa
and h-RARB, as well as the similarities among h-GR, h-PR, and h-MR. The decreasing homologies at the extreme carboxy termini of the
proteins are discussed in the text.

previously described (24). Ten pg of total RNA was applied to 75°C in the presence of 0.2X SSC-0.1% sodium dodecyl
to each lane of 1% agarose-formaldehyde gels, and Northern sulfate.

(RNA) blot analyses were performed by standard techniques Southern analysis. Rat genomic DNA was obtained from
(27). Blots were hybridized at 65°C in the presence of 50% Clontech. Restriction digests were performed by using stan-
formamide-5x SSC (1x SSC is 0.15 M NaCl plus 0.015 M dard procedures. Ten pg of rat genomic DNA was digested
sodium citrate)-5% sodium dodecyl sulfate and washed at 65 with either EcoRlI, Pstl, BamHI, or HindIII and subjected to
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FIG. 3. In vitro translation of RNA transcribed from the Rev-
ErbAa cDNA. The Rev-ErbAa protein products shown in lane A
were subjected to electrophoresis. The three largest proteins seen
are approximately 56, 46, and 44 kilodaltons. Other lower-molecu-
lar-weight species may represent degradation products of the larger
proteins or translation from alternative, downstream initiation sites.
Radiolabeled standard proteins shown in lane B were subjected to
electrophoresis, with molecular mass indicated in kilodaltons.

electrophoresis in 0.8% agarose and Southern analysis by
using standard techniques (27). Blots were hybridized at
42°C in 2X SSC-50% formamide and washed at 50°C in 2%
SSC-0.1% sodium dodecyl sulfate.

RESULTS

Isolation of the Rev-ErbAa ¢cDNA. A Agtl0 rat GH; cell
cDNA library was screened with restriction DNA fragments
corresponding to the 3' end of the r-erbAa-2 cDNA (25). The
insert in one cDNA, which we call Rev-ErbAa, was 2.3
kilobases (kb) in length and contained a sequence of 269
nucleotides identical to a region of r-erbAa-2 but was other-
wise completely dissimilar (Fig. 1A). No long open reading
frame (ORF) was found in the nucleotide sequence of this
cDNA when it was analyzed in the 5’ to 3’ orientation with
respect to the sequence identical to the r-erbAa-2 cDNA.
However, when the Rev-ErbAa cDNA was translated in the
opposite orientation with respect to the r-erbAa-2-identical
nucleotides, a 1,512-nucleotide ORF encoding a 504-amino-
acid protein was deduced (Fig. 1B).

Rev-ErbAa is a thyroid/steroid hormone receptor-like pro-
tein. The deduced amino acid sequence of the Rev-ErbAa
protein contains regions which are remarkably similar to the
conserved sequences of the proteins which constitute the
thyroid/steroid hormone receptor superfamily, including
r-erbAa-1 and r-erbAa-2. As with the other members of this
gene family, the degree of similarity among the putative
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DNA-binding domains (Fig. 2A) is greater than among the
ligand-binding domains (Fig. 2B). The deduced amino acid
sequence of the Rev-ErbAa protein is most similar to those
of the c-erbA proteins and the retinoic acid receptors and is
as much like the other members of the receptor superfamily
as are the thyroid hormone and retinoic acid receptors. The
amino acid similarities among all members of the superfam-
ily in the proximal portion of the ligand-binding regions are
highlighted in Fig. 2B. As the sequences progress towards
their carboxy termini, the Rev-ErbAa/c-erbA/retinoic acid
receptor/vitamin D receptor sequences diverge from the
glucocorticoid/mineralocorticoid/progesterone receptor se-
quences (note the boxed areas in Fig. 2B). Towards the
extreme carboxy termini which presumably are most in-
volved with ligand specificities (9, 14), the similarities be-
tween Rev-ErbAa, c-erbA, and retinoic acid and vitamin D
receptors lessen considerably.

The Rev-ErbAa cDNA was subcloned into Bluescript and
transcribed into RNA. This RNA was translated in reticulo-
cyte lysates and produced three major protein species of 56,
46, and 44 kilodaltons as shown in Fig. 3. The size of the
largest-molecular-weight protein is similar to that deduced
from the Rev-ErbAa amino acid sequence. The in vitro
synthesized Rev-ErbAa protein did not specifically bind T,,
reverse T, retinoic acid, or cholesterol (data not shown).

Rev-ErbAa mRNA is complementary to r-erbAa-2 mRNA.
To prove that the Rev-ErbAa and r-erbAa-2 ¢cDNAs are
derived from mRNAs containing complementary sequences,
we performed Northern analyses by using single-stranded
cRNA probes. The correct orientations of the cRNA probes
were confirmed by dot blot hybridization with single-
stranded M13 DNA preparations which had been used to
sequence the Rev-ErbAa cDNA (data not shown). Figure 4B
shows the expression of Rev-ErbAa mRNA in a variety of
rat tissues with a cRNA probe which was antisense with
respect to the strand of the Rev-ErbAa ¢cDNA which en-
coded the long ORF (Fig. 4A). A single mRNA, of approx-
imately 3.0 kb, was detected in all tissues examined. The
Rev-ErbAa mRNA was most abundant in skeletal muscle
and brown fat. No 2.6-kb band corresponding to r-erbAa-2
was noted. The sense probe with respect to the ORF did not
hybridize significantly to RNA from these tissues (data not
shown). Figures 4C and 4D show that RNA probes contain-
ing the sequence common to r-erbAa-2 and Rev-ErbAa
hybridized to mRNA from a number of rat tissues. Figure 4C
shows that the cRNA probe which is antisense with respect
to the r-erbAa-2 mRNA hybridized to a 2.6-kb mRNA with
a tissue distribution similar to that which we have previously
described for r-erbAa-2 (25). The level of this mRNA in GH,
cells decreased after 24 h of treatment with 10 nM T, as
previously reported (24). In contrast, the cRNA probe which
is sense with respect to the r-erbAa-2 mRNA hybridized to
a 3.0-kb mRNA which presumably is the Rev-ErbAa
mRNA. The tissue distribution of this 3.0-kb mRNA was
similar to that noted for the Rev-ErbAa mRNA (Fig. 4B).
Moreover, unlike those of r-erbAa-2, levels of the 3.0-kb
mRNA in GH; cells did not vary as a function of T,
treatment. When a double-stranded cDNA probe is used in
similar experiments, a broadly hybridizing band which oc-
casionally can be resolved into a doublet is seen (data not
shown). Thus, although two distinct mRNAs contain the
nucleotide sequence shared between the r-erbAa-2 and
Rev-ErbAa cDNAs, this nucleotide sequence is present in
opposite orientations in the two mRNAs.

Rev-ErbAa, r-erbAa-1, and r-erbAa-2 are encoded at a
single genomic locus. We have previously reported that
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FIG. 4. Northern analysis of Rev-ErbAa mRNA in rat tissues. (A) cRNA probes used for Northern analysis. The structures of the
Rev-ErbAa and r-erbAa-2 cDNAs are shown as in Fig. 1A. The Rev-ErbAa-specific cRNA probes are indicated as Rev-ErbAa sense and
Rev-ErbAa antisense probes. The Rev-ErbAa antisense probe and the r-erbAa-2 sense probe are complementary to the ORF-encoding strand
in the Rev-ErbAa ¢cDNA. The r-erbAa-2 antisense probe is complementary to the ORF-encoding strand in the r-erbAa-2 cDNA. (B)
Hybridization of the Rev-ErbAa antisense probe to 10 ug of total RNA from a variety of rat tissues. Abbreviations: HYPO, hypothalamus;
SK. MUSCLE, skeletal muscle. (C) Hybridization of the r-erbAa-2 antisense probe to 10 pg of total RNA from a variety of rat tissues and
from GHj cells incubated in the presence or absence of T;. The hybridization in the region of 28S rRNA seen with this probe probably
represents a combination of nonspecific binding to the 28S rRNA as well as comigration of r-erbAa-2 mRNA with 28S rRNA, since the signal
is somewhat proportional to that of the 2.6-kb r-erbAa-2 mRNA and ethidium bromide staining confirmed that approximately equal amounts
of RNA were loaded in each lane. (D) Hybridization of the r-erbAa-2 sense probe to 10 pg of total RNA from a variety of rat tissues and from
GH; cells incubated in the presence or absence of T;.

Southern analyses suggest that r-erbAa-1 and r-erbAa-2 are ment common to r-erbAa-2 and Rev-ErbAa (probe A) or
encoded by a single rat gene (25). Figure 5 shows Southern with a Rev-ErbAa-specific fragment (probe B). With probe
analyses of rat genomic DNA digested with four different A, single hybridizing restriction fragments are seen in each
restriction enzymes and probed either with a cDNA frag- lane of the Southern blot, confirming that the sequence
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FIG. 5. Southern blot hybridization of rat genomic DNA, with
common Rev-ErbAa/r-erbAa-2 (probe A) or Rev-ErbAa-specific
(probe B) probes. Probe A corresponds to bp 1845 to 2065 (an
EcoRI-Rsal fragment) in the Rev-ErbAa ¢cDNA (Fig. 1B) and bp
1653 to 1873 in the r-erbAa-2 cDNA (25). Probe B corresponds to bp
1 to 1845 in the Rev-ErbAa cDNA (Fig. 1B). On longer exposures,
faint additional hybridizing restriction fragments were seen in the
Pstl (~1.9 kb) and BamHI (~1 kb) digests. Similar fragments were
also noted in Southern analyses of the genomic fragment described
in Fig. 6 and the text (data not shown). Sizes of marker DNA
fragments are in kb.

common to r-erbAa-2 and Rev-ErbAa is present as a single
copy in the rat genome. Probes A and B hybridized to
restriction fragments of identical size in the BamHI and
HindIII digests but not in the EcoRI and PstI digests,
consistent with the restriction map of the genomic fragment
which will be described subsequently (EcoRI, Fig. 6A; Pstl,
data not shown). Although probe B contains a HindIII
restriction site, only one fragment hybridizing to the Rev-
ErbAa probe was detected in the HindIII digest of genomic
DNA. This is because of the presence of a HindIII site at the
junction of two exons (exon 2 and exon 3; Fig. 6A and C) in
the gene structure.

A rat genomic library was screened with the two probes
used for Southern analyses, and two clones were obtained
which hybridized to both probes. One of these clones also
hybridized to a r-erbAa-1-specific probe and to a probe
detecting sequences common to r-erbAa-1 and r-erbAa-2;
this clone was selected for extensive DNA sequence and
restriction enzyme analyses (Fig. 6).

Organization of the 3’ end of the r-erbAa gene. A portion of
the sequence common to the r-erbAa-1 and r-erbAa-2
cDNAs is contained in an ~4.7-kb EcoRI fragment. The
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5’-most exon/intron boundaries that we have identified (in-
trons i and ii; Fig. 6) occur at the exact same position as in
the chick c-erbAa gene (where these are the most 3’ of the
introns that have been studied) (43). Three exons (exons X,
y, and z; Fig. 6) encoding amino acid sequences common to
r-erbAa-1 and r-erbAa-2 were characterized. The 3'-most of
these exons (exon z) consists of sequences common to the
r-erbAa-1 and r-erbAa-2 mRNAs, adjacent (without an
intron) to the r-erbAa-1-specific sequence (Fig. 6A). This
exon contains all of the r-erbAa-1-specific sequence found in
the cDNA clones, which are approximately 2-kb in size (25,
32, 40). The exonic sequence may continue further, since the
r-erbAa-1 mRNA is 5.0-kb in size (25). There are potential
polyadenylation signals ~2.7 kb (AATAAA) and ~2.9 kb
(AATAAG) downstream of the end of the r-erbAa-1 cDNA-
encoding region. Of note, the first two r-erbAa-1 specific
nucleotides are GT, which likely serves as the splice donor
when the r-erbAa-2 mRNA is produced. The r-erbAa-2-
specific exon is located ~3,700 nucleotides downstream of
the r-erbAa-common and r-erbAa-1 junction (Fig. 6A and
C). Since the r-erbAa-2 cDNA sequence which we have
reported is not polyadenylated, it is unclear exactly how far
3’ the r-erbAa-2-specific exon extends in the gene; however,
the 2,461-bp cDNA is close in size to the 2.6-kb mRNA.
There is a potential polyadenylation signal, CATAAA, at the
3’ end of this cDNA (25).

Rev-ErbAa is encoded by the opposite strand of the
r-erbAa-2 transcriptional unit. The entire Rev-ErbAa cDNA
sequence is also contained in the genomic fragment de-
scribed above. Since the Rev-ErbAa mRNA is 3.0 kb and
the cDNA is 2.3 kb in size, there may be exons containing
untranslated regions which we have not yet isolated. The
Rev-ErbAa cDNA is encoded by eight exons. All eight
exons and the seven introns were sequenced; their charac-
teristics are summarized in Fig. 6C. The exon/intron junc-
tions all have appropriate splice donor/acceptor sites (data
not shown). A portion of exon 8 in the Rev-ErbAa gene is an
intron in the r-erbAa-2 gene which is encoded on the
opposite strand. The two zinc fingers in the DNA-binding
domain of the putative Rev-ErbAa protein (Fig. 2A) are
encoded by separate exons (exons 3 and 4). The site of the
intron separating the coding sequences for the two domains
is just 5’ to the exon encoding the F-F-R-R sequence
(underlined in Fig. 2A) characteristic of the thyroid hor-
mone, retinoic acid, and vitamin D receptors. This is the
exact site of the analogous intron in the chick c-erbAa gene
(43). This intron position contrasts, however, with the hu-
man mineralocorticoid receptor (2) and the chick progester-
one receptor (19) genes, which have introns separating the
two zinc finger-encoding exons after the related F-F-K-R
sequence. This intron is relatively small in the Rev-ErbAa
(93 bp) and chick c-erbA (85 bp) genes, but it is over 10 kb in
size in the chick progesterone receptor gene (19).

The 269-nucleotide region common to the r-erbAa-2 and
Rev-ErbAa ¢cDNAs derives from the same genomic seg-
ment, which is bidirectionally transcribed (Fig. 6A). A
portion of the r-erbAa-2-specific exon is partly intronic with
respect to generation of the Rev-ErbAa mRNA. Analo-
gously, exon 8 in the Rev-ErbAa gene is partly intronic in
the r-erbAa-2 gene. In both instances, splice donor (GT) and
acceptor (AG) sequences are present on the appropriate
DNA strands.

DISCUSSION

The structure of Rev-ErbAa is remarkably similar to the
structure of a number of hormone receptors which are
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FIG. 6. Organization of the gene encoding r-erbAa-1, r-erbAa-2,
and Rev-ErbAa. (A) Gene map of a region of the rat genome
containing the r-erbAa and Rev-ErbAa genes. Both DNA strands
are represented. Exonic sequences are depicted by open boxes, with
the exception of the 269-nucleotide sequence, which is exonic in
both orientations and is shaded black as in previous figures. Rev-
ErbAa-exonic sequences are numbered. r-erbAa-exonic sequences
are labeled a, when common to r-erbAa-1 and r-erbAa-2. These
exons are designated by lowercase letters. The r-erbAa-1-specific
exon is labeled a-1; this region is intronic from the perspective of the
r-erbAa-2 mRNA. Introns and intergenic sequences are indicated by
lightly shaded boxes. Rev-ErbAa-introns are in capital letters.
r-erbAa introns are designated by roman numerals. Intron iv is likely
to contain some r-erbAa-1-exonic sequences which would represent
additional 3’ untranslated nucleotides not present in the cDNAs
which have been isolated. Similarly, the region of the Rev-ErbAa
gene upstream of exon 1 is likely to contain an exonic sequence
corresponding to the 5’ end of the mRNA, which is not present in
the Rev-ErbAa cDNA. Arrows refer to the orientation correspond-
ing to the indicated gene. Brackets highlight the exons containing
the bidirectionally transcribed sequence. (B) r-erbAa-1, r-erbAa-2,
and Rev-ErbAa cDNAs. Portions of the cDNAs corresponding to
exons in Fig. 6A are indicated. Dots in front of the r-erbAa exons
indicate that the 5'-most (~1,000-bp) region common to r-erbAa-1
and r-erbAa-2 is upstream of the genomic region analyzed and that
the exonic composition of that region of the gene is not known. (C)
Exon/intron boundaries in the r-erbAa and Rev-ErbAa genes.
Introns in the Rev-ErbAa gene have been completely sequenced
(data not shown); hence the sizes are exact. Sizes of introns in the
r-erbAa gene have been estimated from partial sequencing, restric-
tion enzyme analysis, and Southern blot hybridization studies (data
not shown). Intron i is listed as a minimum of 600 bp in size because
it extends beyond the EcoRlI site to a region not yet characterized.
Locations of introns in the r-erbAa cDNA refer to the r-erbAa-2
cDNA that we have previously described (25). Intron iv in the
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r-erbAa-2 splice product is composed of the r-erbAa-1-specific exon
(a-1) in addition to the region shaded in Fig. 6A. Locations of
introns in the Rev-ErbAa cDNA refer to Fig. 1B.

ligand-responsive DNA-binding transcriptional activators.
Although the deduced Rev-ErbAa amino acid sequence is
most similar to those of the thyroid hormone and retinoic
acid receptors, the protein synthesized in vitro did not bind
either T, or retinoic acid. This is not surprising in view of the
fact that the similarity of Rev-ErbAa to either thyroid
hormone receptors or retinoic acid receptors is no greater
than the similarity of these receptors to each other. A
number of ‘‘ligands in search of receptors’’ have been
proposed, including dioxin, retinol, and cholesterol (9, 36).
The fact that the Rev-ErbAa mRNA is most abundant in
skeletal muscle and brown fat suggests interaction with a
ligand involved in energy metabolism. We are currently
searching for a ligand for Rev-ErbAa.

The DNA-binding region of Rev-ErbAa is similar to the
homologous regions of the thyroid hormone and retinoic acid
receptors but, again, as different from them as they are from
each other. Thus, the different amino acids present in the
DNA-binding region of the Rev-ErbAa protein, which occur
at residues which tend to vary among members of the
superfamily (Fig. 2A), suggest that Rev-ErbAa will interact
with a different spectrum of genes than other members of the
receptor superfamily.

The observation that the genes encoding Rev-ErbAa and
the r-erbAq, proteins are physically linked raises the question
of whether the function of the Rev-ErbAa protein is related
in any way to the r-erbAa-2 protein. Because of the structure
of the genes, part of the carboxy terminus of the Rev-ErbAa
protein is derived from the anticodons of a portion of
the r-erbAa-2 gene encoding the carboxy terminus of the
r-erbAa-2 protein. It has been suggested that amino acid
sequences bearing this relationship may bind to one another
).

Some tissues contain both the Rev-ErbAa and r-erbAa-2
mRNAs. If both mRNAs are expressed in the same individ-
ual cells, then their complementary nature could result in
inhibition of translation of one or both (29). Sequences
complementary at the 3’ ends, as in the present case, have
been shown to be effective inhibitors of translation when
generated in the nucleus (21).

Since r-erbAa-1 and r-erbAa-2 are derived from a single
gene transcript, it is possible that the presence of the
Rev-ErbAa mRNA, which is complementary to r-erbAa-2
but not r-erbAa-1, affects splicing of the r-erbAa-1/r-erbAa-2
primary transcript. Alternatively, transcription of the Rev-
ErbAa gene might sterically hinder simultaneous transcrip-
tion of the r-erbAa-2-specific exon, resulting in premature
termination of the nascent r-erbAa gene transcript. In either
case, the production of r-erbAa-1 mRNA might be increased
relative to that of r-erbAa-2 mRNA. This is consistent with
the fact that r-erbAa-1 mRNA is most abundant in brown fat
and skeletal muscle (25), as is Rev-ErbAa mRNA.

The structural relationship between the Rev-ErbAa and
r-erbAa genes may have evolved by duplication and inver-
sion of a single precursor gene. This would be consistent
with the observation that an intron is present between the
exons encoding the zinc fingers in Rev-ErbAa at precisely
the same sites as that in the chick c-erbAa gene (43) but not
in the chick progesterone receptor (19) or human mineral-
corticoid receptor (2) genes. In the course of evolution, as
one of the duplicated genes diverged into the present Rev-
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ErbAa sequence, its 3'-most exon may have acquired a
different function, perhaps encoding a domain that binds a
ligand other than T;. The observed relationship between the
r-erbAa and Rev-ErbAa genes could be explained by hy-
pothesizing that the opposite strand of the 3’-most exon in
the Rev-ErbAa gene became part of the r-erbAa gene
transcript, and splicing of the r-erbAa transcript to yield the
r-erbAa-2 mRNA in addition to r-erbAa-1 provided some
selective advantage.

The Rev-ErbAa/r-erbAa genomic locus represents the
first example of structurally related proteins encoded by
overlapping transcriptional units in eucaryotes. Indeed, few
other examples of bidirectional transcription have been
discovered thus far. Most similar to the present case are the
bidirectional transcription of the 3’-most exon of the dopa
decarboxylase gene in D. melanogaster (39) and of the
3’-most exon of a mouse transcriptional unit of unknown
function (42). In both of these cases, the significance of the
opposite-strand transcription is unknown. Regulatory roles
for the cRN As have been postulated. A pupal cuticle protein
gene is contained within intronic sequences of a D. melano-
gaster gene encoding three purine pathway enzyme activi-
ties (17). In this case, the functions of the proteins encoded
by the opposite-strand transcripts are known, but no exonic
sequences are present in both orientations in mature mR-
NAs. The rat gonadotropin-releasing hormone gene overlaps
an opposite-strand transcript of unknown function (1). Tran-
scription of the opposite strand of the c-myc gene has been
presumed to serve a regulatory function, and mRNAs cor-
responding to the antisense transcripts have not been de-
tected (22, 34). The discovery of additional examples of
bidirectional gene transcription and further study of the
examples already known will be necessary to better under-
stand the prevalence and function of these potentially im-
portant relationships between certain genes.
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